Cultured pluripotent cells accumulate detrimental epigenetic alterations, including DNA methylation changes at imprinted genes known as loss-of-imprinting (LOI). Despite the substantial biomedical relevance of this phenomenon, the molecular cause of this epigenetic instability in pluripotent cells remains unknown. While the occurrence of LOI is generally considered a stochastic phenomenon, here we document a strong genetic determinant that segregates mouse pluripotent cells into epigenetically stable and unstable cell lines. Unstable lines exhibit hypermethylation at Dlk1-Dio3 and select other imprinted loci, which is associated with impaired developmental potential. Stimulation of demethylases by ascorbic acid prevents LOI and can preserve developmental potential.
Introduction
Genome-wide remodeling of DNA and histone marks plays a crucial role in establishing pluripotency in the pre-implantation mammalian embryo (Cantone and Fisher, 2013) . A permissive chromatin structure resembling the early embryo is also a characteristic of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) (Tee and Reinberg, 2014) . While this unique chromatin state likely contributes to the broad developmental potential of these cells, ESCs and iPSCs are also susceptible to accumulation of epigenetic alterations during culture (Bar and Benvenisty, 2019) . Some of these alterations, such as changes in genome-wide DNA methylation levels, remain developmentally controlled and reversible (Pastor et al., 2016) , but prolonged culture can result in irreversible erosion of vital epigenetic control mechanisms at specific gene loci and concomitant loss of developmental potential (Choi et al., 2017; Yagi et al., 2017) .
In particular, irreversible abnormalities have been reported at imprinted genes in cultured pluripotent cells. Imprinted gene loci are characterized by differential epigenetic modifications, often DNA methylation, that are established in sperm and oocyte at imprinting control regions (ICRs) and determine allele-specific expression patterns of nearby genes after fertilization (Duffie and Bourc'his, 2013; Sanli and Feil, 2015) .
Dysregulation of imprinted gene loci by aberrant loss or gain of DNA methylationreferred to as loss-of-imprinting (LOI) -is associated with severe developmental defects in mice derived from pluripotent cells (Dean et al., 1998; Stadtfeld et al., 2010; Stelzer et al., 2015) . Importantly, once lost, the allele-specific expression of imprinted genes cannot be readily restored (Dirks et al., 2019; Pastor et al., 2016) , making LOI a significant hurdle for the biomedical use of ESCs and iPSCs.
While numerous studies have characterized the degree of LOI in pluripotent cells, little is known about the underlying molecular mechanism. Based on line-to-line variability, LOI has been proposed to be a stochastic event triggered by a general epigenetic instability of pluripotent cells (Humpherys et al., 2001; Johannesson et al., 2014) .
However, specific imprinted gene clusters such as DLK1-DIO3 and IGF2-H19 in human ESCs, have been shown to be particularly susceptible to LOI (Kim et al., 2007; Rugg-Gunn et al., 2007) , suggesting the presence of unknown molecular determinants. In the mouse, the Dlk1-Dio3 ICR, known as the intergenic differentially methylated region (IG-DMR), can become methylated on the maternal allele during iPSC derivation, resulting in LOI (Carey et al., 2011; Stadtfeld et al., 2010; Stadtfeld et al., 2012) . The imprinting status at this cluster also correlates with developmental potential in mouse and human pluripotent cells and may serve as an indicator of pluripotent cell quality (Liu et al., 2010; Mo et al., 2015) .
In this study, we have used LOI at Dlk1-Dio3 as a paradigm to investigate the mechanisms of epigenetic instability of pluripotent cells. For this, we took advantage of an allele-specific fluorescent reporter system that allows assessment of Dlk1 imprinting without the need for more cumbersome single nucleotide polymorphism (SNP) sequencing (Swanzey and Stadtfeld, 2016) . We confirm a high degree of variability of imprint stability between different ESC lines, but show that this variability is not stochastic in nature. Rather, it is caused by genetic determinants that establish a dynamic epigenetic state prone to locus-specific DNA hypermethylation in susceptible cell lines. This susceptibility can be suppressed by culture conditions that favor activation of enzymes involved in histone and DNA demethylation. Widely used mouse strains such as 129SvImJ (129) and C57BL/6J (B6J) differ in their susceptibility to LOI and we map a genomic region that determines this susceptibility. Our observations reveal the importance of genetic factors in conjunction with environmental conditions to control the epigenetic stability of developmental regulators in pluripotent cells.
Results

Variable stability of Dlk1-Dio3 imprinting is observed in early passage ESC lines
We have previously described a transgenic system that allows assessment of Dlk1-Dio3 imprinting based on allele-specific fluorescent reporter genes inserted into Dlk1 (Swanzey and Stadtfeld, 2016) . In brief, if LOI has occurred and the IG-DMR is hypermethylated, Dlk1 reporter fluorescence from both parental alleles is visible (Fig. 1A) .
In contrast, retention of parent-of-origin methylation, known as maintenance of imprinting (MOI) results in detection of only the fluorescence from the paternally-inherited allele ( Fig.   1A ). To study the stability of Dlk1-Dio3 imprinting status in cultured pluripotent cells, we established a cohort of ESC lines carrying this dual-reporter system. Flow cytometry evaluation revealed a large degree of variation in allele-specific Dlk1 expression between lines as early as passage 6 (p6) ( Fig. 1B, C) . Mean CpG methylation at the IG-DMR was consistent with the percentage of cells expressing bi-allelic Dlk1 (Fig. 1D ), underscoring the reliability of the reporter system in measuring DNA methylation levels (Swanzey and Stadtfeld, 2016) . Functional assessment by tetraploid (4N) blastocyst injection showed that ESCs with a low degree of MOI (ES6) exhibited strongly reduced developmental potential compared to ESCs with high degree of MOI (ES10) ( Fig. 1E ). Together, these observations demonstrate variable stability of Dlk1-Dio3 imprinting and associated differences in developmental potential of ESCs derived under identical conditions.
Increase in LOI in unstable ESC lines is due to epigenetic instability
To better understand the dynamics of the observed imprint loss, we followed reporter ESC lines that were derived and cultured simultaneously from p2 to p16. Surprisingly, while the degree of MOI rapidly dropped in the vast majority of lines, rare lines (5 of 38 evaluated) retained almost exclusively cells with MOI ( Fig. 2A ). We will refer to lines exhibiting such phenotypes as unstable and stable, respectively ( Fig. S1A ).
Neither differences in cell growth nor sex could account for the differences in imprint stability and we observed indistinguishable pluripotent cell colony morphology between stable and unstable lines (Fig. S1B ,C and data not shown).
We reasoned that the gradual increase in cells expressing Dlk1 in a bi-allelic manner in unstable lines could be the result of competition between MOI and LOI cells in a mixed culture, with LOI cells becoming predominant over time. Alternatively, our observations could indicate a dynamic epigenetic state that differs between stable and unstable lines ( Fig. 2B ). To distinguish between these possibilities, we generated subclones from two unstable lines and one stable line by single-cell sorting at early passage. Flow cytometry showed that subclones resembled the Dlk1 expression pattern of their respective parental lines ( Fig. 2C,D) . This is inconsistent with the expectations of the competition model ( Fig. 2B) . Instead, our observations support the existence of a dynamic epigenetic state that favors gradual acquisition of DNA hypermethylation at the IG-DMR in unstable ESCs (Fig. 2B ). We also noticed rare unstable lines that exhibited not only a high degree of biallelic Dlk1 expression but also a population of cells with maternal-only expression ( Fig. S1D ), which was recapitulated upon subcloning ( Fig.   S1E ,F). Together with the variable MOI observed at early passage ( Fig. 1C ) and the different kinetics of imprinting loss ( Fig. 2A ), this suggests a gradient of phenotypic severity in reporter ESC lines.
Ascorbic acid attenuates imprint loss in unstable lines and prevents loss of developmental potential
Ascorbic acid (AA) is a known activator of histone and DNA demethylases (Cimmino et al., 2018) and a potent modulator of DNA methylation in ESCs (Blaschke et al., 2013) . We therefore decided to test the effect of AA supplementation to the culture media of unstable reporter lines at early passage (see outline in Fig. 3A ). Assessment by flow cytometry showed almost complete retention of MOI in unstable lines when cultured in the presence of AA (Fig. 3B ). AA withdrawal at an intermediate passage ( Fig. S2A) resulted in a pronounced decrease of MOI, suggesting that AA did not permanently correct the underlying molecular cause (Fig. S2B ).
Importantly, we observed a significant increase in embryo viability after 4N blastocyst injections with unstable lines that were grown in presence of AA, with the overall efficiency of embryo recovery comparable to stable ESCs (Fig. 3C ). Fluorescence microscopy revealed LOI in two of the three embryos that developed from unstable ESCs cultured in absence of AA, contrasting with embryos from stable ESCs and unstable cells treated with AA ( Fig. S2C,D) . This abnormality would have likely hindered further development of these embryos (Stadtfeld et al., 2010; Stelzer et al., 2015) . Together, these observations indicate that AA can preserve the developmental potential of epigenetically unstable pluripotent cells by efficiently suppressing LOI.
Quantification of 5-methylcytosine (5mC) levels by thin layer chromatography (TLC) showed no significant difference between stable and unstable lines, suggesting that global methylation was not dysregulated in unstable cells ( Fig. 3D and Fig. S2E ).
Given that AA is a cofactor of ten-eleven translocation (TET) proteins in the oxidation of 5mC into 5-hydroxymethylcytosine (5hmC) (Monfort and Wutz, 2013) , a decrease in 5mC and an increase in 5hmC would be expected in the presence of AA if TET proteins are functioning normally. Indeed, stable and unstable lines displayed a similar increase in 5hmC and a concomitant drop in 5mC levels in presence of AA ( Fig. 3D and Fig. S2E ).
Taken together, these observations suggest that the regulation of global DNA methylation functions similarly in stable und unstable lines, regardless of the imprinting phenotype, and the cause of Dlk1-Dio3 instability appears to be more targeted.
Genetic background predetermines imprint stability in pluripotent cells
To account for the fundamental differences in imprint stability between pluripotent cell lines we considered two options -the stabilization of a random epigenetic event occurring in the embryo or, alternatively, predetermination by genetic factors. We turned our attention to the latter possibility, given that the Dlk1 reporter alleles had been generated in F1 ESCs derived from a B6J x 129 cross and, following strain establishment, the mice were maintained on a mixed background. We derived ESC lines with pure B6J and 129 genetic backgrounds and investigated their imprinting status by bisulfite sequencing. This revealed that B6J ESCs had IG-DMR methylation levels strikingly similar to unstable reporter lines and consistent with LOI ( Fig. 4A ). In contrast, 129 lines displayed MOI methylation levels (Fig. 4A ). The impact of genetic background on imprint stability was confirmed in context of the reporter alleles by crossing Dlk1 Tomato females with B6J and 129 males ( Fig. S3A ).
To determine whether imprint instability was restricted to the IG-DMR, we analyzed a total of 12 germline ICRs in 129 and B6J ESCs by targeted next-generation bisulfite sequencing (tNGBS). While most ICRs exhibited similar DNA methylation levels in 129 and B6J ESCs, the Igf2-H19 and Mest loci also had significantly increased ICR methylation levels in the B6J background ( Fig. 4B ). This supports the notion that the background-associated epigenetic instability we observed impacts specific susceptible loci, while the remainder of ICRs remain unaffected.
Of note, while neither B6J nor 129 mouse embryonic fibroblasts (MEFs) exhibited IG-DMR hypermethylation, derivative B6J iPSCs acquired LOI during reprogramming, whereas 129 iPSCs did not (Fig. S3B ). Addition of AA during reprogramming prevented LOI in early passage B6J iPSCs (p1; Fig. S3C ). However, B6J, but not 129, iPSCs acquired LOI upon continued passaging in absence of AA ( Fig. S3C ), mirroring our observations in ESCs. Together, these observations suggest that susceptibility of the B6J background to LOI at Dlk1-Dio3 affects both established pluripotent cells and cells undergoing reprogramming, but does not arise in the developing embryo (Swanzey and Stadtfeld, 2016) or derivative MEFs.
QTL analysis reveals a causal region on chromosome 13
To better understand the heredity of the imprinting phenotype, we analyzed ESC lines generated from B6Jx129 F1 crosses. This revealed moderately increased levels of IG-DMR methylation at higher passages ( Fig. S3D ), indicating incomplete dominance of the stable phenotype. Importantly, F1 ESCs derived from reciprocal crosses were not significantly different ( Fig. 4C ), suggesting that the cause of the instability was neither due to an imprinted gene nor to a mutation within the Dlk1-Dio3 locus itself.
To narrow down the genomic region(s) of interest, we conducted Quantitative Trait Locus (QTL) analysis on 34 F2 ESC lines utilizing a SNP genotyping array of 143,000 markers (Morgan et al., 2015) (Fig. 4D ). F2 lines displayed a range of IG-DMR phenotypes that resembled 129, B6J and F1 ESC lines ( Fig. S3E and Table S1 ). QTL analysis mapped the IG-DMR methylation phenotype to a single interval of approximately 15 MB on chromosome 13 ( Fig. 4E ). All cell lines with the 129/129 genotype at this region displayed methylation levels consistent with MOI, while all lines with the B6J/B6J genotype had LOI (Fig. 4F ). This strongly suggests that the chromosome 13 QTL (which we will refer to as Dlk1-Dio3 QTL) contains a factor that is the predominant cause of the IG-DMR phenotype. In addition, the overall phenotype distribution was bimodal, with the IG-DMR methylation of the majority of the lines being at the extremes (Fig. S3F) , which is consistent with the profile of a monogenic trait. However, cells that are 129/B6J at the Dlk1-Dio3 QTL can have either MOI methylation or increased levels consistent with LOI ( Fig. 4F ), suggesting the existence of secondary regulator(s) outside of this QTL that determine the stability in heterozygotes. No significant secondary QTL was identified, which may suggest the presence of multiple secondary QTLs with individual logarithm of the odds (LOD) values below the significance threshold achievable with the limited number of lines. A model of our current understanding of how the genetic composition of chromosome 13, together with the availability of AA, determines imprint stability and developmental potential of pluripotent cells is depicted in Fig. 4G .
To address whether imprint stability in 129 or, alternatively, imprint instability in B6J is a unique feature of these strains, we derived ESCs from C57BL/6NJ (B6N) mice, which are closely related to B6J (Keane et al., 2011) . Surprisingly, IG-DMR methylation levels in B6N ESCs were consistent with MOI ( Fig. S3G,H) . As B6J is the founder strain from which B6N was established it is likely that, following strain separation, B6J either lost a factor that protects against DNA hypermethylation at Dlk1-Dio3 or gained a factor that drives hypermethylation. Alternatively, 129 and B6N would have had to both acquire protective mutations separately. The similarity of 129 and B6N phenotypes, including the F1s (Fig. S3D, H) , suggests that neither strain carries the B6J-associated variant that causes imprint instability.
Given the similarity of B6N and B6J genetics (Simon et al., 2013) , we attempted to assemble a list of distinguishing variants within the QTL. However, this effort was hampered by the prevalence of low-confidence base calls and large gaps in the B6N genome assembly (Fig. S4 ). As similar issues afflict the current 129 assembly, additional efforts to complete annotations of the 129 and B6N genome may be required before it will be possible to identify causal structural and/or regulatory variants within the Dlk1-Dio3 QTL. Of note, inspection of the chromosomal territory covered by the QTL revealed no known regulator of imprinting. However, the QTL overlaps with a conserved cluster of more than twenty KRAB zinc-finger proteins some of which implicated in sex-specific gene expression (Krebs et al., 2005) and at least two genomic intervals that have previously been linked to disease and developmental phenotypes (Kano et al., 2007; Treger et al., 2019; Wang et al., 2002) (Fig. S4) . This raises the possibility that the variant(s) modulating imprinting stability may also have regulatory functions in other biological contexts.
Discussion
Our characterization of Dlk1-Dio3 imprint stability strongly suggests that locusspecific detrimental epigenetic abnormalities can arise in pluripotent cells as a consequence of defined genetic variants. To our knowledge the results described here are the first proof-of-principle of a genetic determinant of LOI in pluripotent cells and highlight the importance of considering the interplay between environmental conditions and genetic variation in determining the epigenetic landscape of a cell. We anticipate that challenging current stochastic models for the occurrence of LOI in pluripotent cells will incentivize studies to systematically identify genetic factors controlling the epigenetic stability of ESCs and iPSCs. Pluripotent cells derived from well-characterized inbred mouse strains (Skelly et al., 2019) may serve as a promising avenue to aid in the pursuit of this goal, and large pools of genetically heterogenous human pluripotent cell lines should in principle also be amenable to genetic analysis.
Our findings have ramifications for several unexplained observations relating to stem cell pluripotency. For example, the observed epigenetic instability of B6J ESCs provides a molecular explanation for the reported difficulties in establishing ESCs with sustained developmental potential from C57BL/6 mice (Auerbach et al., 2000; Kumagai et al., 2017) , even though the use of this nomenclature does not allow us to unambiguously determine whether B6J mice or a related strain were used in these studies. Similarly, the superior epigenetic stability of 129 iPSCs might explain discrepancies in the reported frequencies of Dlk1-Dio3 LOI during cellular reprogramming of cells on undefined backgrounds (Carey et al., 2011) and the high success rate of 4N complementation with iPSCs derived in basal reprogramming conditions in some studies (Boland et al., 2009 ). This stresses the need to consider genetic background as a strong modulator of fundamental stem cell properties.
Similar to our observations with murine ESCs, the H19/IGF2 and DLK1-DIO3 loci have also been shown to be particular prone to imprint loss in human ESCs (Kim et al., 2007; Rugg-Gunn et al., 2007) . This raises the possibility that at least some of the factors or pathways controlling epigenetic stability at these two paternally-imprinted gene loci are conserved between mouse and human. While limitations in the current mouse genome assemblies prevented us from identifying the causal variant(s) encoded by the Dlk1-Dio3 QTL, we speculate that the relevant genes may facilitate the recruitment of the de novo DNA methylation machinery to susceptible gene loci. This appears to be a dynamic process, potentially resembling recent observations made at pluripotency-associated enhancers (Song et al., 2019) , that can be counteracted by stimulating DNA and/or histone demethylases. The ability to suppress imprint instability by ascorbic acid may prove beneficial when attempting to preserve the developmental potential of pluripotent cell lines that have been determined to be susceptible to ICR hypermethylation due to their genetic composition. In summary, our findings stress the importance of genetic determinants in regulating epigenetic stability and provide a strong rationale to further dissect the interplay between genetic variants, different culture conditions and specific cell states in controlling the epigenome. This may yield novel methods to reliably identify and maintain pluripotent cell lines with desirable epigenetic properties. 
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Methods
Mice
Experiments were conducted by deriving ESC lines from the following strains: C57BL/6NJ (Jackson 005304), C57BL/6J (Jackson 000664), 129S2 (Charles River 476), B6129SF1/J (Jackson 101043; a F1 cross between C57BL/6J and 129S1/SvImJ), Dlk1 Tomato and Dlk1 Venus (Swanzey et al. 2016) . B6D2F1/J (Jackson 100006) females were used for 4N blastocyst injection experiments (see below). All animal experiments were done in accordance with the guidelines of the NYU School of Medicine IACUC.
4N Blastocyst Complementation
Zygotes were isolated from B6D2F1/J females and cultured overnight until they reached the 2-cell stage, as previously described. Embryos were electro-fused and those with successful fusion were cultured for another 2 days, followed by injection with indicated male ESC lines (Amlani et al., 2018) . Viable pups were defined as those that survived to the indicated mid-gestation time point (E14.5 or E15.5) and were quantified as a percentage of the total number of blastocysts transferred into the recipient female (20 each).
ESC Derivation and Culture
Each ESC line was derived from an individual E3.5 blastocyst as previously described (Czechanski et al., 2014) . In brief, blastocysts were isolated and cultured in KnockOut DMEM (Gibco) supplemented with 15% KnockOut Serum Replacement (Gibco), 1% FBS, L-Glutamine, sodium pyruvate, penicillin, streptomycin, non-essential amino acids, 2-Mercaptoethanol, 1000 U/ml LIF, 1 µM PD03259010 and 3 µM CHIR99021 on a layer of Mitomycin-C-treated feeders for four days. Media was then changed to KO-DMEM with 15% FBS, L-Glutamine, penicillin-streptomycin, non-essential amino acids, 2-Mercaptoethanol and 1000 U/ml LIF (ESC medium) on Mitomycin-C-treated feeder cells. If applicable, L-Ascorbic acid (50 µg/ml) was added. For generation of clonal lines, ESCs were single cell sorted in 96-well plates using a MoFlo XDP cell sorter (Beckman Coulter) and subsequently expanded.
MEF Derivation and iPSC Reprogramming
MEF cultures were established by trypsin digestion of midgestation (E14.5-E15.5) 129S2 and C57BL/6J embryos and maintained in DMEM supplemented with 10% FBS, Lglutamine, penicillin/streptomycin, nonessential amino acids, and β-mercaptoethanol (MEF medium). Reprogramming was carried out by transducing MEFs with a doxycyclineinducible mouse OKSM (pHAGE2-tetO-STEMCCA) (Sommer et al., 2009 ) and rtTA (FUdeltaGW-rtTA, Addgene 19780) (Maherali et al., 2008) lentiviruses. Transduced MEFs were then seeded at a density of approximately 1,500 cells/cm 2 onto a layer of Mitomycin-C-treated feeder cells in ESC media supplemented with 1 μg/mL doxycycline and, if applicable, L-ascorbic acid (50 μg/mL). Media was changed every two days and on day 11, doxycycline and ascorbic acid were withdrawn.
Cell Differentiation and Flow Cytometry
Trypsinized ESCs were pre-plated for 30 minutes to remove feeder cells and seeded onto gelatinized plates at a density of 20,000 cells/cm 2 . The next day, the media was changed to MEF medium supplemented with 0.4 µg/ml retinoic acid. Media was changed daily for five days and imaged using a Nikon Eclipse TiE inverted microscope with filters to detect Venus (Ex 500/20; Em 535/30) and Tomato (Ex 545/30; Em 620/60). For quantification of Dlk1 reporter expression, dissociated cultures were acquired on an LSRII cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star Inc.).
Tissue Isolation and Reporter Detection
Mouse embryos isolated at E15.5 were imaged using a Nikon SMZ1500 Stereo Fluorescence Microscope. For flow cytometry, tissues were isolated in the same manner as MEF derivations (described above), followed by analysis on an LSRII cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star Inc.).
DNA Methylation Analysis
Genomic DNA was isolated using proteinase K in lysis buffer, pH 8 (100 mM Tris-HCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) and reconstituted in TE buffer, pH 7.5 (10 mM Tris-HCl, 1 mM EDTA). Bisulfite sequencing of the IG-DMR was conducted using the ADS1452-FS1/FS2/FS3 EpigenDx assays (chr12:109,528,253-109,528,471 in mm10). If indicated, a portion of this region was analyzed (ADS1452-FS3; chr12: 109, 528, 528, 471 
